Vannucci, Susan J., and Ian A. Simpson. Developmental switch in brain nutrient transporter expression in the rat. development of both human and rat brain is associated with a switch in metabolic fuel from a combination of glucose and ketone bodies in the immature brain to a nearly total reliance on glucose in the adult. The delivery of glucose, lactate, and ketone bodies from the blood to the brain requires specific transporter proteins, glucose and monocarboxylic acid transporter proteins (GLUTs and MCTs), respectively. Developmental expression of the GLUTs in rat brain, i.e., 55-kDa GLUT1 in the blood-brain barrier (BBB), 45-kDa GLUT1 and GLUT3 in vascular-free brain, corresponds to maturational increases in cerebral glucose uptake and utilization. It has been suggested that MCT expression peaks during suckling and sharply declines thereafter, although a comparable detailed study has not been done. This study investigated the temporal and regional expression of MCT1 and MCT2 mRNA and protein in the BBB and the nonvascular brain during postnatal development in the rat. The results confirmed maximal MCT1 mRNA and protein expression in the BBB during suckling and a decline with maturation, coincident with the switch to glucose as the predominant cerebral fuel. However, nonvascular MCT1 and MCT2 levels do not reflect changes in cerebral energy metabolism, suggesting a more complex regulation. Although MCT1 assumes a predominantly glial expression in postweanling brain, the concentration remains fairly constant, as does that of MCT2 in neurons. The maintenance of nonvascular MCT levels in the adult brain implies a major role for these proteins, in concert with the GLUTs in both neurons and astrocytes, to transfer glycolytic intermediates during cerebral energy metabolism. cerebral metabolism; blood-brain barrier; ketogenesis; lactate NORMAL CEREBRAL DEVELOPMENT AND FUNCTION are dependent on delivery of an adequate supply of metabolizable substrate to the brain during the perinatal period. Glucose is the primary energy substrate for the adult brain, and studies in experimental animals indicate that glucose is also an essential cerebral fuel for fetal and newborn animals under normal physiological con-
ditions, with additional contributions from lactate in the immediate postnatal period (see reviews in Refs. 6 and 37 and references therein). However, it is well known that during the normal development of both human and rodent brain, there is a switch in fuel utilization from a combination of glucose, lactate, and the ketone bodies (␤-hydroxybutyrate and acetoacetate) in the immature brain to a total reliance on glucose in the adult (8, 23) ; only under conditions of starvation, diabetes, and hypoglycemia can these alternate substrates support cerebral metabolism in adults (13) . The high fat content of both human milk and rodent milk generates circulating ketone body concentrations sufficient to contribute to the energetic and synthetic needs of early cerebral maturation (10, 23, 26, 29) . The similarities between human and rodent nutrition support the value of studying the developmental pattern of cerebral ketone body uptake and utilization in suckling rodents. With the onset of suckling and the ingestion of the high-fat milk diet, rat pups become hyperketonemic and remain so during the suckling period (see review in Ref. 26) . Whereas cerebral glucose utilization is relatively low in the newborn rat brain (25, 42) , rates of ␤-hydroxybutyrate uptake and utilization actually peak during the second and third postnatal weeks before declining to low adult levels after weaning (8, 14, 24) .
The delivery of both glucose and the monocarboxylic acids from blood to brain requires specific transporter proteins, the facilitative glucose transporter proteins (GLUTs) and the proton-coupled monocarboxylic acid transporter proteins (MCTs), respectively. The GLUT family has recently been expanded and now comprises 12 distinct integral membrane proteins (16) . Despite the description of the new family members, GLUT1 and GLUT3 remain the primary isoforms responsible for cerebral glucose uptake and utilization (9, 41) . GLUT1 is present in brain as two molecular mass forms of the same protein, with the more heavily glycosylated 55-kDa form present at high concentrations in the microvascular endothelial cells that comprise the blood-brain barrier (BBB) and the less glycosylated 45-kDa form in the choroid plexus and nonvascular brain; GLUT3 is the predominant neuronal glucose transporter. The levels of both GLUT1 and GLUT3 are low in the immature rat brain, and they increase with cerebral maturation and synaptogenesis after the second postnatal week (39) .
The proteins responsible for the transport of lactate, pyruvate, and the ketone bodies belong to a separate family of proton-coupled MCTs. A total of eight distinct MCT proteins have now been described, of which MCT1 and MCT2 are the predominant isoforms in newborn and adult rodent brain (1, 2, 11, 17, 18, 28, 32) . MCT1 is the major, if not only, ketone body and lactate transporter of the BBB (17, 18, 28) and is also the primary isoform in astrocytes, whereas MCT2 has a more neuronal localization (7, 12, 17, 30, 31) . Because of the importance of lactate and ketone body uptake to normal cerebral development, early studies examined MCT1 and MCT2 mRNA (28) and protein (11, 18) in newborn, suckling (postnatal days [14] [15] [16] [17] , and adult rat brain and reported very high levels of both isoforms during suckling and reduced levels in adult brain. Rates of cerebral energy metabolism, met by either glucose or monocarboxylates, vary regionally (13, 26) , as do developmental patterns of GLUT expression (39) . The purpose of this study was to investigate more thoroughly the developmental pattern of regional MCT expression in rat brain in vivo during the transition from monocarboxylate metabolism to glucose metabolism.
MATERIALS AND METHODS
Animals. Dated pregnant Wistar rats were purchased from Charles River Laboratories, housed individually, and allowed to deliver normally. On the day of birth (postnatal day 1; P1), litters were randomized and adjusted to 10 pups/litter to allow for uniform nutrition during development. At specific ages, pups were randomly removed from the litters for analysis, and remaining litters were readjusted to 10/litter with same-aged pups, until time of weaning at P28. Thereafter, rats were divided by gender and housed in groups of six. Animals were allowed free access to normal rat chow and water throughout. At the time designated for animals to be killed, unsexed animals were anesthetized with halothane and decapitated. Trunk blood was collected and extracted in 0.5 M perchloric acid for the determination of metabolites, as previously described (35) . Brains were removed and either frozen in Ϫ30°C isopentane or processed for the isolation of cerebral microvessels and vascular-free membranes.
Isolation of microvessels and vascular-free membranes. Microvessels were prepared from pooled cortical shells of unsexed pups at P14 and P27, as previously described (39) . Briefly, cortical shells were stripped of meninges and surface vessels, pooled to obtain 2 g of tissue, and homogenized in microvessel buffer (MVB, in mM: 15 HEPES, 147 NaCl, 4 KCl, 3 CaCl2, 1.2 MgCl2, 5 glucose, and 0.5% BSA, pH 7.4) with protease inhibitors (1 g/ml each of aprotinin, leupeptin, and pepstatin) and 50 M 4-(2-aminoethyl)-benzenesulfonyl fluoride. Homogenates were centrifuged at 1,000 g and 4°C for 10 min. Pelleted vessels were separated from myelin by centrifugation through 17% Dextran (Sigma) at 3,600 g and 4°C for 20 min and filtered through 125-m nylon mesh onto a column of glass beads supported by 40-m nylon mesh. Columns were washed extensively with MVB, and microves-sels were recovered from the beads in BSA-free MVB, resuspended in Tris-EDTA-sucrose (TES; 20:1:255 mM, pH 7.4), and sonicated. Vascular-free membranes were obtained by centrifugation of the initial supernatant at 300,000 g and 4°C for 20 min. Membranes were washed to remove BSA from the original buffer and resuspended with sonication in TES. For the preparation of regional vascular-free membranes, sections of cortex, hippocampus, thalamus, and cerebellum were dissected from five rats of each age, pooled, homogenized in MVB without BSA, and centrifuged at 1,000 g to remove vessels and myelin. The resulting supernatant was centrifuged to obtain total vascular-free membranes. Sonicated microvessels and vascular-free membranes were analyzed for protein content with bicinchoninic acid reagent (Sigma Chemicals, St. Louis, MO).
Western blot analysis. Microvessel and membrane samples were solubilized and separated on 10% SDS-polyacrylamide gels, as previously described (39) , and proteins were transferred electrophoretically to nitrovinyl membranes for Western blot analysis by chemiluminescence (Renaissance ECL, DuPont). All gels included an adult rat brain microsomal brain standard for purposes of normalization and quantitation, as previously described (39) .
All antisera were antipeptide, rabbit polyclonal antibodies. GLUT1 and GLUT3 antisera have been previously described (21) . Antibodies to MCT1 and MCT2 were raised against their respective COOH-terminal sequences [MCT1 (C)NTH-NPPSDRDKESS; MCT2 (C)LQNSSGDPAEEESP] and commercially prepared (Zymed Laboratories, San Francisco, CA). For purposes of quantitation as well as presentation, multiple exposures of each blot were obtained, and the optical density measurements were made on the lightest exposure to ensure that all samples were within the linear response range of the film. The values for each experimental sample was expressed relative to the brain standard, in arbitrary standard units (39) .
In situ hybridization. Cryosections (16 m) were analyzed for specific mRNA expression by in situ hybridization using 35 S-labeled riboprobes, as previously described (17, 41) .
RESULTS
The levels of circulating metabolites (glucose, lactate, and ␤-hydroxybutyrate) in the rat pups used in this study are presented in Table 1 and are in good agreement with previous studies in developing rats (26) . Relative to normal adult values, levels of the predominant ketone body, ␤-hydroxybutyrate, are high Trunk blood was obtained from postnatal rats when they were killed and extracted in 0.5 M perchloric acid. Glucose, lactate, and ␤-hydroxybutyrate were analyzed fluorometrically, as described in MATERIALS AND METHODS. Values are means Ϯ SE for 6-10 animals/ age expressed in mM. * Significantly different from postnatal days (P)17-P27, P Ͻ 0.05. at P7, peak at P14, and then decline to adult levels by P27, just before weaning, as reported by others (26) .
The developmental pattern of ketogenesis is mirrored in the extent of expression of the monocarboxylate transporter MCT1, but not of MCT2, as shown in Fig. 1 . MCT1 mRNA is abundantly expressed at both P7 and P14, with a widespread but heterogeneous pattern suggesting expression by multiple cell types, including the pyramidal cell layer of the hippocampus. A large component of the MCT1 expression is punctate in appearance, similar to that routinely observed for GLUT1 mRNA in the endothelial cells of cerebral microvessels (41) . As the circulating levels of ketone bodies decline with development, so does the level of MCT1 expression; aspects of the punctate vascular expression are still apparent at P21 but are essentially gone at P27, characteristic of the adult situation (17) . Interestingly, MCT2 mRNA expression does not appear to be as developmentally regulated. We (17) and others (30, 31) have previously reported that MCT2 mRNA and protein in brain are primarily neuronal, and the autoradiographic images presented in Fig. 1 support this conclusion. MCT2 mRNA expression is pronounced in the cortex of the P7 rat, especially in layers I and II, and this pattern is maintained throughout development, in agreement with patterns of ␤-hydroxybutyrate uptake in the adult (13) . Developmental alterations in expression are not as clearly seen, with the exception of the dentate gyrus of the hippocampus (arrows), where MCT2 mRNA expression coincides temporally with neuronal maturation, analogous to the neuronal glucose transporter GLUT3 (40) .
The expression of MCT1 mRNA at P14 is especially intense in the thalamus (see T in Fig. 1 ). To determine whether this intensity is due to one, or multiple, cell types at this stage of development, slides were dipped in photographic emulsion, and the signal was visualized with epiluminescence, which allows for simultaneous visualization of hematoxylin-stained tissue. Results obtained for MCT1 mRNA were compared with in situ hybridization analysis of GLUT1 and GLUT3 on adjacent coronal sections, and the epiluminescent, high-power bright-field micrographs are depicted in Fig. 2 . At P14, MCT1 mRNA is highly concentrated in the microvessels in this region, with expression in other neural cells, especially cells with large, round, pale-staining nuclei typical of neurons. GLUT3 mRNA is confined to neurons, and GLUT1 expression is generally low at this age, as we have reported before (39, 40) . This is in sharp contrast to the situation observed at P27, when GLUT1 is highly expressed in the cerebral microvessels and other cell types, especially those with small, irregular nuclei more indicative of glia, and the intensity of MCT1 mRNA expression is reduced in the microvessels as well as other cell types.
To determine whether the dramatic switch in nutrient transporter expression in the BBB is reflected in levels of the protein, isolated microvessels and vascular-free cortical membranes were prepared at P14 and P27 and analyzed for MCT1 and GLUT1 content by Western blot, as shown in Fig. 3 . The developmental increase in GLUT1 expression in microvessels, detected as the more highly glycosylated 55-kDa form as well as the 45-kDa nonvascular form, is in agreement with our previous reports. The high level of MCT1 in P14 microvessels, in association with low GLUT1, and the reverse relationship at P27 are consistent with the in situ hybridization data for mRNA. However, the observation of equivalent concentrations of MCT1 protein in nonvascular membranes (i.e., primarily neurons and glia), despite the decline in mRNA, was surprising and different from other studies (18) . MCT2 was not detected in the isolated microvessels (data not shown).
To investigate the level of nonvascular MCT1 and MCT2, especially as they relate to the developmental and regional changes in GLUT1 and -3, vascular-free membranes were prepared from frontal cortex, hippocampus thalamus, and cerebellum from P7 to P35. Figure 4 illustrates representative Western blots of thalamus, as well as the relative quantitation of non- Fig. 1 . Developmental expression of monocarboxylic acid transporter (MCT)1 and MCT2 mRNA in rat brain. Cryosections of rat brains (16 m) from postnatal day 7 (P7) through P27 were analyzed for MCT1 and MCT2 mRNA expression by in situ hybridization with 35 Slabeled riboprobes, as described in MATERIALS AND METHODS. Autoradiograms of representative adjacent coronal sections at the level of the anterior hippocampus/thalamus are shown. T, thalamus; DG, dentate gyrus. vascular MCT1 and MCT2 in each region from P7 through P35. Each antibody detected a single prominent band at 45 kDa (MCT1) or 40 kDa (MCT2), which was completely blocked by preabsorption with the respective peptide (data not shown). Because each sample was prepared by combining tissue from five postnatal rats, the concentration represents the average value per milligram of membrane protein, which incorporates the normal deviation. Concentration of MCT1 protein in the parenchyma of cerebellum and thalamus is 50-100% greater than that observed in either cortex or hippocampus, with no appreciable decline throughout development. MCT2 protein is detected as a prominent band of ϳ40 kDa. Interestingly and in contrast to the mRNA, concentrations of MCT2 protein are highest at P7, especially in frontal cortex and cerebellum, with progressive declines even during suckling. The exception is the hippocampus, where MCT2 protein increases over the period of synaptogenesis during the second and third postnatal weeks and plateaus at the adult level. It is important to remember that the measured values are concentrations, and the overall brain is expanding such that a lack of increase in MCT1 protein concentrations likely represents an increase in the total protein amount, and total MCT2 amounts may remain unchanged in the adult brain.
We have previously described the developmental patterns of GLUT expression during this period of development in the rat (39, 40) . To evaluate the observations of MCT expression in the context of total energy substrate utilization, we further analyzed the Fig. 2 . Glucose transporter (GLUT)1, GLUT3, and MCT1 mRNA in thalamus of P14 and P27 rats. Coronal cryosections (16 m) from P14 and P27 rat brains were analyzed for GLUT1, GLUT3, and MCT1 mRNA expression by in situ hybridization with 35 S-riboprobes, exposed to photographic emulsion, and counterstained with hematoxylin as described in MATERIALS AND METHODS. High-power bright-field micrographs of thalamus are visualized with epiluminesence; positive hybridization is in green. mv, Microvessel; asterisks, neuronal nuclei. Fig. 3 . MCT1 and GLUT1 protein expression in microvessels and vascular-free cortical membranes prepared from P14 and P27 rat brain. Microvessels (5 g protein) and vascular-free cortical membranes (20 g protein) were analyzed by Western blot for levels of GLUT1 and MCT1. regional vascular-free samples depicted in Fig. 4 for GLUT1 and GLUT3 content. A direct comparison of the Western blot analyses for all four proteins is presented for the hippocampal samples, and the relative quantitation for all regions is presented graphically in Fig. 5 . The developmental patterns for both GLUT1 and GLUT3 are as previously reported (39) , with low levels of both proteins during the first postnatal week, GLUT3 increasing sharply with neuronal maturation (P14-P21) accompanied by gradual, steady increases in nonvascular, 45-kDa GLUT1 with gliogenesis, brain growth, and the increased reliance on glucose to fuel cerebral metabolism. What is striking, and different from what has been reported, is that the decreased utilization of ketone bodies during the latter stages of development is not accompanied by corresponding declines in the levels of MCT1 and MCT2 protein in the parenchyma.
DISCUSSION
Cerebral metabolism during postnatal development and neurological maturation was extensively described during the 1970s and 1980s. These early studies, which included measurements of glucose, lactate, and ketone body uptake and utilization, coupled with analyses of metabolic enzyme activities (for review see Ref. 26 ), support the developmental switch in cerebral metabolic fuels from a combination of glucose, lactate, and ketone bodies in the very young human and rat brain to the obligatory requirement for glucose in the adult. We previously described the relationship between maturational changes in cerebral glucose utilization and the expression of the glucose transporter proteins GLUT1 and GLUT3 in the rat (42) . With the more recent cloning of the MCTs, there has been some description of their developmental expression in mouse and rat brain (11, 18, 28) . The present study greatly extends these initial observations to include specific determinations of mRNA and protein in the vascular endothelial cells of the BBB, as well as the regional expression of nonvascular MCT1 and MCT2 mRNA and protein in the postnatal rat brain. The major findings of the study are that 1) the developmental switch in cerebral metabolic fuels is most closely reflected in the expression of MCT1 mRNA and protein in the BBB, but not in expression of MCT2; 2) early in development (through P14), MCT1 mRNA is expressed in both neurons and glia and becomes predominantly glial in the mature brain; and 3) nonvascular concentrations of both MCT1 and MCT2 proteins remain elevated in the mature brain.
The in situ hybridization studies depicted in Fig. 1 demonstrate an early and widespread expression of MCT1 mRNA, apparent in all cell types (BBB, neurons, glia) through the second postnatal week. Thus MCT1 may be the isoform responsible for ketone body transport into all cells at this stage of maturation. Thereafter, MCT1 mRNA levels decline in both BBB and neurons, and the expression appears more restricted to glial components, as has been previously described in rat and mouse brain (11, 17, 28) . MCT2 mRNA has a far more neuronal pattern of expression, even in the P7 rat brain, and maintains this pattern throughout development. The neuronal pattern of MCT2 expression is in agreement with our previous report in adult mouse brain (17) and reports of others (7, 28, 30) . However, the disparate developmental patterns for MCT1 and MCT2 mRNAs are in contrast to the results reported by Pellerin et al. (28) . These authors measured MCT1 and MCT2 mRNA by Northern blot analysis of postnatal rat brain and reported that both isoforms dramatically increase 10-fold to their maximal levels (100%) between P0 and P15 and just as sharply decline thereafter, approximating 20% (MCT1) and 5% (MCT2) of maximal at P30. Thus, although our data clearly support their additional description of specific alterations in MCT1 mRNA in BBB (Fig. 2) , with declines after P14, there appears to be no significant reduction in MCT2 mRNA with cerebral maturation. More striking is the observation that levels of Fig. 4 . Regional MCT1 and MCT2 protein levels in nonvascular brain with development. Vascular-free membranes were prepared from pooled samples (5 animals/age) of cortex, hippocampus, thalamus, and cerebellum isolated from P7 to P35 rat brains, as described in MATERIALS AND METHODS, and analyzed for MCT1 and MCT2 by Western blot. Top: representative Western blots of MCT1 and MCT2 in thalamic samples (20 g protein/lane) from P7-P35 rat brains. S, rat microsomal brain standard (20 g). Bottom: Western blots for each region were analyzed relative to the standard, and values are expressed in arbitrary standard units presented graphically. Each value represents an average of 5 samples/age, since sample was prepared by pooling 5 regions. nonvascular MCT1 and MCT2 protein do not change dramatically with development (Fig. 4) .
The combined analysis of MCT1 and MCT2 proteins with that of both GLUT1 and GLUT3 in the nonvascular compartment of brain during postnatal development ( Fig. 5 ) allows for a more comprehensive description of the regulation of both sets of nutrient transporters with changing cerebral metabolism. Cerebral metabolism in the postnatal brain requires the integration of increasing metabolic demand associated with neuronal maturation and synaptic activity, as well as lipid/myelin biosynthesis. This complex metabolic relationship is further compounded by a change in substrate availability from a combination of glucose, lactate, and ketone bodies to one based solely on car-bohydrate metabolism after the third postnatal week. The newborn rat brain is ideally equipped to utilize all three substrates, and each substrate exerts effects on the utilization of the others. Ketone bodies inhibit the oxidation of glucose to CO 2 and cause the accumulation of glycolytic intermediates, with the resultant export of lactate out of the brain, also mediated by the MCTs. The export of lactate from the immature brain is believed to result from a combination of the relatively delayed developmental expression of pyruvate dehydrogenase and its inhibition by the acetyl-CoA generated from the degradation of ␤-hydroxybutyrate and acetoacetate, and from the potential competition for import into the mitochondria between pyruvate and these substrates (27) . Lactate can also be taken up and oxidized by the immature brain, as has been demonstrated during hypoglycemia (15, 34) and hypoxia-ischemia (38) . It has been shown that any condition, pathological or physiological, that results in an elevated blood lactate will promote its uptake and utilization by the developing brain, with a resultant sparing of brain glucose utilization (22) . Glucose conversely promotes the incorporation of the ketone bodies into amino acids and lipids. In the latter case, this is due to its metabolism through the pentose phosphate pathway generating high levels of NADPH, which are necessary for lipid biosynthesis, which peaks at P20-P21 in the rat (3) .
There is clearly a close association between the availability of ketone bodies in the circulation and the expression of MCT1 in the BBB, as well as the enzymes required for ketone body oxidation in the parenchyma. The developmental switch in the utilization of the available circulating fuels is accommodated by the transition from the abundant expression of MCT1 in the endothelial cells of the BBB early in postnatal life to the predominant expression of GLUT1 after P21-P27. Equally, the high concentration of MCT1 in the BBB establishes a situation in which the levels of lactate in the brain are directly related to the blood levels, as has been observed in a variety of in vivo paradigms in the immature rat (22, 38) .
However, the prevailing assumption has been that the expression of both MCT1 and MCT2 covaries with metabolism and is a reflection of the switch in respiratory fuels and thus that they follow the same time line. The results of this study indicate that this is not the case and, when the developmental expression of these two transporters is examined in the parenchyma, each isoform displays unique regional and cellular characteristics. Although levels of MCT1 mRNA clearly decline with age, as depicted in Figs. 1 and 2 , BBB levels of the protein decline by 50%, whereas nonvascular concentrations of the protein remain essentially constant. However, the membrane samples analyzed by Western blot comprise all nonvascular cell types, primarily neurons and glia, and as the brain matures and grows there is a greater contribution of glial components. Thus the fairly stable patterns of MCT1 protein concentrations, interpreted in the context of the change in the cell-specific expression apparent in Fig.   Fig. 5 . Regional developmental expression of brain nutrient transporters. The vascular-free membranes described in Fig. 4 were analyzed for MCT1 and MCT2 protein levels by Western blot. Representative Western blots of GLUT1 and GLUT3 in hippocampus are presented (top) in comparison with those for MCT1 and MCT2 and depicted graphically (bottom). Values were analyzed relative to the standard in arbitrary standard units, and developmental pattern for each transporter within each region is illustrated graphically.
1, indicate a reduction in the neuronal MCT1 component after P14, replaced by the increased MCT1 due to the expanding glial compartment. The impact of gliogenesis is perhaps seen to be greater in the comparison of MCT2 mRNA expression with the protein patterns of Fig. 4 . MCT2 is not expressed in the BBB, and all of the MCT2 mRNA is nonvascular, neuronal expression. The intensity of the mRNA signal is not reduced with maturation, although the level of MCT2 protein per milligram membrane protein in cortex, thalamus, and cerebellum clearly is. This reduction could be simply explained as due to a greater amount of glial membrane in the samples, creating a "dilution" of the MCT2 concentration as well as a reduction in MCT2 protein per neuron. The exception to this is the hippocampus, where the MCT2 protein levels clearly increase after the second postnatal week to their adult levels. The hippocampus is a densely neuronal structure and may not be subject to the same degree of glial expansion as seen in other regions, such as the cortex. Or the values may indeed represent a greater amount of MCT2 protein in both the pyramidal cell layer and dentate gyrus with maturation. In the hippocampus, the developmental pattern of MCT2 expression closely mirrors that of the neuronal glucose transporter GLUT3 (Fig. 5) , with increases in both. The high levels of these two neuronal nutrient transporter proteins attained after the period of active synaptogenesis support a coordinate role for glucose transport and lactate transport in neuronal metabolism in the mature brain. We have previously reported the postnatal rise in regional GLUT3 protein (39, 40) , and when the rise is considered in the context of a possible "dilution" of neuronal membrane, it further underscores the major importance of glucose as a metabolic fuel to the neuron.
The purpose of this study was to investigate specifically that period of postnatal development characterized by the switch in circulating fuels, and the data do not extend into the adult. However, the P35 rat brain approximates the adult situation, and it is apparent from the results of Figs. 4 and 5 that the mature rodent brain has a clear capacity to transport both glucose and lactate across the BBB as well as intracellularly. Such capacity could certainly facilitate the metabolic trafficking recently proposed by Magistretti et al. (20) as the lactate shuttle; i.e., GLUT1 levels are maximal in the BBB as well as in glia, along with MCT1, and MCT2 in neurons. However, neuronal GLUT3 is also maximal, strongly supporting a major role for glucose transport directly into neurons in the adult brain.
The ultimate question that arises from these as well as previous studies relates to the mechanisms underlying the regulation of these transporter proteins during development, as well as in response to altered metabolic situations such as hypoglycemia, diabetes, and the administration of a ketogenic diet. The results presented here, in conjunction with several previous studies, clearly support a unique mode of regulation of nutrient transporters in the BBB as the first adaptation to a change in available substrate. Thus changes in the expression of MCT1 mRNA and protein in the BBB are observed in concert with alterations in plasma levels of ␤-hydroxybutyrate. Similarly, administration of a ketogenic diet to adult rats for a 5-wk period resulted in increased levels of BBB MCT1 protein (19) . However, as observed during normal cerebral development, parallel changes were not observed in the nonvascular glial compartment. An analogous situation was observed in the chronically hypoglycemic rat, which resulted in significant increases in BBB GLUT1 mRNA and protein, with no effect on the nonvascular 45-kDa GLUT1 (33) . There has been convincing evidence that endothelial cell regulation of GLUT1 involves alterations in mRNA stability through the action of cytoplasmic binding proteins (4) (5) (6) . It is tempting to speculate that there may exist a coordinate regulation mediated by these binding proteins, such that a change in available substrate would trigger an increase in one transporter with a decrease in the other. Clearly, further studies are required to delineate such mechanisms of regulation in the BBB, as well as alternative pathways in neurons and glia. Lactate and the ketone bodies are important cerebral substrates in pathological conditions such as diabetes and hypoxia or ischemia. An understanding of the normal regulation of expression of these transporters in the developing brain should contribute to the design of strategies to increase expression in adult brain as potential therapeutic interventions.
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